Background and objectives Peginesatide is a synthetic, PEGylated, investigational, peptide-based erythropoiesisstimulating agent. We report the first assessment of its efficacy and safety in correcting renal anemia in a population of 139 nondialysis chronic kidney disease patients.
Introduction
Anemia in patients with chronic kidney disease (CKD) is often accompanied by a decreased quality of life and an increased risk of red blood cell (RBC) transfusions (1, 2) . The mainstay of treatment for this condition is erythropoietin-replacement therapy with an erythropoiesis-stimulating agent (ESA), which has been associated with an improved quality of life (3) and fewer RBC transfusions (4) . Several ESAs are currently available in the United States and Europe for the correction of anemia in CKD, but these agents are approved for dosing three times per week (such as epoetin alfa) or dosing every 2 weeks (such as darbepoetin alfa) (5) (6) (7) . Another ESA (methoxy polyethylene glycol-epoetin beta) is approved and marketed for dosing every 2 weeks to once monthly in Europe. These large protein-based molecules require complex manufacturing processes using recombinant DNA technology and mammalian cell lines.
Peginesatide is a synthetic, PEGylated, investigational, peptide-based ESA that acts via stimulation of the erythropoietin receptor (8) . In a study of healthy volunteers, peginesatide was well tolerated and associated with a clinically and statistically significant increase in hemoglobin (Hb) that was sustained for Ͼ1 month (9) . Because the amino acid sequence of peginesatide is unrelated to that of erythropoietin, peginesatide is unlikely to induce a cross-reactive immune response against either endogenous or recombinant erythropoietin. Indeed, a clinical study of peginesatide showed that it increased the Hb in most patients with antierythropoietin antibody-mediated pure red cell aplasia (PRCA) from protein-based ESAs (10) .
These preliminary findings supported further study in a broader population of nondialysis CKD patients who were anemic. Most patients in this study received every-4-weeks dosing with peginesatide from the outset. The primary objective of the study was to determine the range of peginesatide doses that increase and maintain Hb between 11 and 13 g/dl, an acceptable Hb range when the study was conducted. The safety and tolerability of peginesatide were also evaluated.
Materials and Methods

Study Population
The study included adult patients with CKD stage 3 or 4 (estimated GFR of Յ60 ml/min per 1.73 m 2 ). Before study drug administration, patients were required to have two Hb values from 9.0 to Ͻ11.0 g/dl and adequate iron stores (serum ferritin concentration Ն100 ng/ml and transferrin saturation [TSAT] Ն20%). The main exclusion criteria included ESA treatment in the 12 weeks before study drug administration and previous hemodialysis or peritoneal dialysis. A complete list of eligibility criteria is provided in Supplementary Table 1 .
Study Design
This was a phase 2, multicenter, open-label, sequential, dose-finding study conducted at six sites in the United Kingdom and seven sites in Poland. All of the sites received approval from their ethics committee/institutional review board, all of the patients provided written informed consent, and the study was performed in accordance with the Declaration of Helsinki and the International Conference on Harmonisation Guidelines for Good Clinical Practice. The study was registered with ClinicalTrials.gov (NCT00228436).
The study design allowed for multiple cohorts of patients, with Յ15 patients sequentially enrolled in each. Patients received peginesatide treatment for Յ24 weeks. Cohorts differed in starting peginesatide dose (body weight-based or absolute doses), route of administration (intravenous [IV] or subcutaneous [SC]), and frequency of administration (every 4 weeks [Q4W] or every 2 weeks [Q2W]). In the first cohort, SC peginesatide was administered Q4W (0.05 mg/kg starting dose). The decision to add the next cohort in the sequence was made on the basis of predetermined criteria including the observed safety and pharmacologic response for this cohort. After week 5, each patient's peginesatide dose was adjusted on the basis of prespecified dosing guidelines (Supplementary Table 2) . Enrollment of new patients and dosing of patients in a cohort was stopped if Ն3 patients had a grade 3 or 4 treatment-related adverse event (AE). A safety monitor, not a data and safety monitoring board, reviewed the clinical, laboratory, and safety data throughout the study.
Hemoglobin, reticulocytes, and reticulocyte hemoglobin content were monitored weekly through week 13 and every other week thereafter. AEs were monitored throughout the study. Vital signs, clinical laboratory parameters, and 12-lead electrocardiograms were assessed periodically during the study. Blood samples for antibody evaluations were collected periodically during the study and tested after study completion. Iron status, monitored by regular measurements of serum ferritin levels and TSAT, was recommended to be maintained according to European Best Practice Guidelines (11,12) with administration of supplemental iron as needed to prevent iron deficiency and maintain adequate iron stores. Patients not enrolling in a long-term extension study were followed for 28 days after their last peginesatide dose, until the stabilization of AEs, or until Hb concentration was Ͻ13.0 g/dl, whichever occurred later.
Study Drug
Peginesatide (Hematide TM ; Affymax, Inc., Palo Alto, CA) was supplied as a preservative-free, aseptically manufactured, sterile parenteral isotonic phosphate-buffered solution in a single-use vial.
Assessments
Pharmacodynamic response was assessed by the percentage of patients in each cohort who achieved a Hb response, defined as a Hb increase of Ն1.0 g/dl from baseline (mean of the three Hb values [two screening and one predose] collected most recently before the first peginesatide dose) and a Hb value of Ն11.0 g/dl at any time during the study. Other pharmacodynamic parameters were the mean changes from baseline in Hb and reticulocyte counts, and the percentages of patients during the first 8 weeks of the study who experienced rapid rates of Hb increase (Ͼ1 g/dl increase in any 2-week period or Ͼ2 g/dl increase in any 4-week period) and elevated Hb excursions (Hb Ͼ13 g/dl). Hemoglobin data collected subsequent to a phlebotomy, or within 4 weeks after a RBC transfusion, were excluded.
Safety was assessed from AE reports. AE severity was graded according to the World Health Organization Toxicity Criteria (grades 1 to 4; grades 1 and 2 were considered mild and moderate, respectively). The main serious AEs (SAEs) were fatal, life-threatening, or required hospitalization (Ͼ24 hours). Each AE and SAE was assessed by the investigators as being either related or unrelated to the study drug. Other safety end points included reasons for study withdrawal, number of phlebotomies and RBC transfusions, changes in clinical laboratory results and vital signs, and antibody evaluations.
Statistical Analyses
This was an exploratory study intended to characterize the preliminary efficacy and safety of peginesatide and inform dose selection for future studies. Therefore, sample sizes were not determined by power calculations to evaluate specific hypotheses. The number of patients per cohort was considered sufficient to generate meaningful pharmacodynamic and safety data to guide the design of larger investigational studies. The results for cohorts with identical starting doses and dosing strategies were combined for purposes of summarization. A cross-cohort multivariate regression analysis was performed to assess the effect of administration of the first peginesatide dose and selected demographic and baseline characteristic variables on maximum Hb change from baseline before administration of the second peginesatide dose.
Results
Patient Disposition and Baseline Characteristics
A total of 139 patients were enrolled in the study, which was conducted between September 2005 and November 2007 ( Figure 1 ). Patients were assigned to one of 10 cohorts: three cohorts with the identical starting dose, dose frequency, and route of administration were combined (Cohort A), for a total of eight cohorts for analysis (Table 1) . Body weight-based starting doses were investigated in Cohorts A through F, whereas absolute starting doses were investigated in Cohorts G and H. Q4W dosing was investigated in Cohorts A, B, C, D, G, and H, whereas Q2W dosing was investigated in Cohorts E and F. SC dosing was investigated in all cohorts except Cohort D (IV dosing). Two patients in Cohort E received all of their doses intravenously, in error, rather than subcutaneously. All of the enrolled patients received at least one peginesatide dose and were included in the analyses. Sixteen patients were withdrawn from the study (Figure 1 ).
Demographic and baseline characteristics are detailed in Table 2 . Patients had a mean (SD) age of 65 (14) years and were predominantly male (54%) and white (73%). The primary causes of CKD were diabetes (40%) or other (29%; mainly included interstitial nephritis or renovascular disease). The mean (SD) estimated GFR was 25 (10) ml/min per 1.73 m 2 .
Pharmacodynamics
Across all cohorts, 96% of patients achieved a Hb response; a comparable proportion of patients in each cohort achieved a Hb response (Table 3) . Across all cohorts, the mean (SD) Hb concentration increased by 1.4 (1.3) g/dl from baseline to study end.
A lower starting dose (0.025 mg/kg) of SC Q4W peginesatide (Cohort C) increased Hb more slowly than did a higher starting dose (0.05 mg/kg, Cohort A), suggesting a relationship between starting doses and Hb response rate (Figure 2A ). Similar initial increases in mean Hb levels from baseline were observed in Cohorts A (0.05 mg/kg SC Q4W starting dose) and B (0.075 mg/kg SC Q4W starting dose; Figure 2A ). Similar starting doses of body weightbased and absolute-dose SC Q4W regimens (median starting doses of 3.8 and 4.0 mg for Cohorts A and G, respectively) resulted in comparable Hb responses (Figure 2A) . A multivariate analysis was performed to evaluate the maximum Hb change from baseline before administration of the second dose, using the first dose and baseline demographics and characteristics as covariates; among all possible linear combinations of the baseline variables, the best model for predicting maximum Hb change included only the first dose (P ϭ 0.02). Each cohort confidence interval (CI) did not include zero; Cohort G had Hemoglobin concentrations Ͼ13 g/dl on at least two consecutive measurements.
the largest change (1.59 g/dl, 95% CI 1.21 to 1.95), and Cohort C had the smallest change (0.91 g/dl, 95% CI 0.55 to 1.28). Identical starting doses of SC (Cohort A) and IV (Cohort D) Q4W peginesatide resulted in comparable mean Hb levels ( Figure 2B) . Notably, the median doses in Cohorts A and D were similar throughout the study (Figure 3 ), suggesting that a given dose may produce a similar Hb response irrespective of the route of administration.
Hemoglobin concentrations of patients who received Q2W peginesatide (Cohort E) tended to increase more rapidly, and to higher concentrations, than did those of patients who received an equivalent (same total dose over a 4-week period) starting Q4W peginesatide dose (Cohort A; Figure 2C ). Rapid rates of Hb increase, particularly increases Ͼ2 g/dl during any 4-week period (e.g., 80.0% versus 26.7%, Cohorts E versus A, P Ͻ 0.001), and Hb excursions (e.g., 33.3% versus 13.3%, Cohorts E versus A, P ϭ 0.12) generally occurred in more patients in the Q2W than the Q4W cohorts ( Table 3) . Because of the higher proportion of Hb excursions observed with Q2W administration, enrollment in Cohort F was stopped on the basis of sponsor judgment to prevent rapid rates of Hb increase, and not because of AEs. These Cohort F patients had their next dose reduced, and thereafter their dosing was per the protocol-specified dose-adjustment guidelines.
Peginesatide Dosing
The median dose for the Q4W cohorts generally decreased during the study (Figure 3) , and the median final dose ranged from 0.019 to 0.044 mg/kg. This effect was particularly pronounced in the highest starting dose cohort (Cohort B; 0.075 mg/kg) and was also evident in the Q2W cohorts.
Safety
AEs were reported by 112 of 139 patients (81%); most of these patients (90 [65%]) had only AEs that were considered mild to moderate in severity. The most frequently reported AEs (occurring in Ն5% of patients) are detailed in Table 4 . AEs considered possibly related to peginesatide by the investigators were reported in 16 (11.5%) patients; the most common (occurring in Ն2 patients) were hypertension (n ϭ 9, 6.5%), arthritis (n ϭ 2, 1.4%), and headache (n ϭ 2, 1.4%).
A total of 36 SAEs were reported by 27 of 139 patients (20%). The most frequently reported SAEs (occurring in Ն2 patients) were chronic renal failure (i.e., worsening of renal function; n ϭ 6, 4.3%), bronchitis (n ϭ 2, 1.4%), and diabetic ketoacidosis (n ϭ 2, 1.4%). A single SAE (embolic cerebral infarction) was considered possibly related to peginesatide by the investigator; see patient narrative in Supplementary  Table 3 .
Two deaths occurred during the study, one caused by chronic renal failure and one caused by acute myocardial infarction and bronchitis. Neither death was reported as being related to peginesatide; see Supplementary Table 3 for patient narratives.
Six patients were withdrawn from the study because of AEs. Two patients withdrew because of nonserious AEs (dizziness and nausea in one patient and skin necrosis in the other). Four patients withdrew because of SAEs (chronic renal failure, renal failure, multiple myeloma, and catheter site hematoma and peritonitis [after peritoneal dialysis]; none were considered related to peginesatide).
A single patient in Cohort B underwent a phlebotomy (500 ml), 27 days after the second peginesatide dose, because of a Hb concentration of 15.2 g/dl. The patient's Hb progressively decreased to 12.2 g/dl within 30 days after the phlebotomy. The patient's third peginesatide dose was administered 30 days after the phlebotomy. Subsequent peginesatide doses were delayed and/or decreased because of Hb concentrations Ͼ12.5 g/dl. The patient did not have any AE considered possibly related to peginesatide by the investigator. Five patients received RBC transfusions during the study (Cohort A, n ϭ 1; Cohort C, n ϭ 1; Cohort G, n ϭ 2; and Cohort H, n ϭ 1), two patients because of anemia/low Hb concentrations and three patients because of posthemorrhage anemia.
Iron status was maintained throughout the study with the use of IV iron. For the cohorts that included Ն15 patients, 20 to 60% of patients per cohort received IV iron at some point during the study. Mean initial and end-ofstudy values were 269 and 260 ng/ml, respectively, for ferritin; 25.9 and 30.1%, respectively, for TSAT; and 32.8 and 33.4 pg, respectively, for reticulocyte hemoglobin content.
No patient had an electrocardiogram abnormality interpreted by the investigator as clinically significant that was not present at screening. Alanine aminotransferase elevations at least three times the upper limit of normal were observed once each in four patients; no SAEs were associated with these elevations (see Supplementary Table 3 for patient narratives). Other clinical laboratory tests and vital sign assessments generally remained within normal limits and were similar to baseline values throughout the study.
Peginesatide-specific antibodies were detected in two patients. The first patient was from Cohort B, and antibodies were first detected in the sample collected before the patient's fifth Q4W peginesatide dose (week 17). At week 25, the binding antibody titer reached 1:160, and a low, in vitro neutralizing antibody titer (1:20) was recorded. The neutralizing antibodies did not appear to affect the patient's Hb response (Hb at baseline, 10.7 g/dl; Hb at weeks 19 to 25, 11.7 to 11.9 g/dl) or safety profile. The second patient was from Cohort E, and antibodies were first detected in the sample collected before the patient's twelfth Q2W peginesatide dose (week 25). At week 29, the binding antibody titer reached 1:20, and a low, in vitro neutralizing antibody titer (1:10) was recorded. The neutralizing antibodies did not appear to affect the patient's Hb response (Hb at baseline, 9.9 g/dl; Hb at weeks 25 to 29, 11.4 to 12.0 g/dl) or safety profile. This patient had a slight decrease in Hb after discontinuation of peginesatide, but the Hb always remained above 10 g/dl. The patient initiated darbepoetin alfa treatment after discontinuation of peginesatide. In both patients, the peginesatide-specific antibodies did not cross-react with erythropoietin.
Discussion
This phase 2 dose-finding study found that 96% of patients achieved an Hb response by study end. Moreover, mean Hb values across all cohorts increased by 1.4 g/dl from baseline to study end. These results indicate that different peginesatide starting doses and dosing strategies (e.g., IV or SC) can elicit a robust pharmacodynamic response in nondialysis CKD patients who were recently naive to ESA treatment.
Across all cohorts, the median peginesatide dose decreased during the study. This effect was particularly pronounced in cohorts with the highest starting doses. The doses required to maintain Hb in the target range (final median doses of 0.019 to 0.044 mg/kg in the Q4W cohorts) guided the selection of peginesatide starting doses for this patient population in phase 3 studies (0.025 and 0.04 mg/kg).
Studies of epoetin alfa have demonstrated that lower doses can be used with SC than with IV administration (13) . The results from this study suggest that Hb responses to comparable doses of IV and SC peginesatide may be similar, which has also been shown with the long-acting ESAs, darbepoetin alfa (14 -17) and methoxy polyethylene glycol-epoetin beta (18, 19) . Future studies are needed to evaluate the similarity of IV and SC dose requirements for peginesatide.
The rate of Hb increase was higher, and there tended to be more Hb excursions Ͼ13 g/dl with Q2W peginesatide compared with an equivalent Q4W dose. This information helped inform the selection of a Q4W dosing interval in the phase 3 trials.
Most patients in this study (81%) experienced at least one AE with 90 (65%) patients experiencing only AEs considered mild to moderate in severity. The most common AE considered possibly related to peginesatide by the investigators was hypertension. Of the 36 reported SAEs, a single SAE (embolic cerebral infarction) was considered possibly related to peginesatide by the investigator. The AEs and SAEs reported in this study were consistent with those observed in this patient population; however, this study was not designed to definitively determine the safety of peginesatide relative to an active control. Two patients developed peginesatide-neutralizing antibodies during this study. The antibody titers were low and did not appear to affect the patients' Hb concentrations or safety profiles; however, this study did not have long-term follow-up of these patients. Importantly, given the lack of immunological cross-reactivity of peginesatide with erythropoietin (20) , the potential risk of inducing antibodymediated PRCA with peginesatide is extremely low. No patients with peginesatide-induced PRCA have been reported during clinical trials. Cases of antibody-mediated PRCA have been described with protein-based ESAs, albeit rarely (5, 6) .
This study had several limitations: the sample size was relatively small, follow-up was limited to the 24-week study period, subjects were not randomized to the different cohorts because the cohorts were enrolled sequentially, and there was no control group. Hence, these results may not be fully generalizable to the larger CKD population.
In conclusion, the results of this study show that Q4W peginesatide can increase and maintain Hb in nondialysis CKD patients. These results guided the dosing strategies used in the phase 3 studies in nondialysis patients.
